Validation studies were undertaken to estab lish a computer-assisted double-label autoradiographic strategy employing [14C]2-deoxyglucose ([14C]2DG) and [14C]iodoantipyrine ([14C]lAP) to measure local CMRglu (LCMRg 1 u) and CBF (LC BF
Summary: Validation studies were undertaken to estab lish a computer-assisted double-label autoradiographic strategy employing [14C]2-deoxyglucose ([14C]2DG) and [14C] iodoantipyrine ([14C] lAP) to measure local CMRglu (LCMRg 1 u) and CBF (LC BF). An organic solvent was used to extract the majority of lAP between fi rst and second fi lm exposures. In contrast to previously pub lished data, all solvents tested produced partial losses of 2DG from tissue, and all allowed 2-6% of lAP to persist even after 5-day washes. Te chnical-grade chloroform per mitted equal retention of unmetabolized and metabolized 2DG. A linear model was established, which was insensi tive to the changes in tissue self-absorption that were shown to occur with chloroform extraction. Propagated error in computing tissue [l4C]2DG and [14C]IAP was re duced by maximizing lAP extraction (by longer solvent wash times) and by administering 2. 5 times as much lAP as 2DG. Fractional 2DG retention was measured in There is considerable evidence to indicate that levels of local brain metabolism and blood flow are closely coupled to one another in the normal state, but recent studies indicate that dissociations be tween metabolism and flow may arise in patholog ical conditions, under the influence of certain phar-single-label 2DG sections placed on the fi lms, and frac tional lAP retention was evaluated by an optimization procedure. With this strategy, double-label values for LCMRg 1 u and LCBF in anesthetized rats agreed with values obtained in matched single-label series to within 5%. The coefficients of variation for the double-and single-label LCMRg1u data were virtually identical, whereas the coefficient of variation for double-label LCBF was 1.8 times that of single-label LCBF. The double-label strategy permitted pixel-by-pixel measure ment and video display of the LCMRgljLCBF ratio; the mean value among structures was 0. 472 J.Lmoliml. With proper attention to methodological detail, this double label strategy shows great promise for routine laboratory application. Key Words: Autoradiography-Cerebral blood flow-Deoxyglucose-G1ucose metabolism-Io doantipyrine. macological agents, and possibly even during cer tain types of physiological activation (see Reivich, 1974; Fox and Raichle, 1985; Ginsberg et ai. , 1985a; Kuschinsky et ai. , 1985) . It is thus highly desirable to have at hand a well-validated, easily applied method permitting the simultaneous esti mation of both local glucose metabolism (LCMRgJu) and CBF (LCBF) in the same animal. Such an ap proach tends to circumvent a major source of varia tion inherent in analyses of metabolism/flow inter relationships using matched but separate animal groups for the two measurements.
Several dual-radiotracer strategies have been proposed for this purpose, though each has certain disadvantages. The method of Lear et ai. (1981) makes use of 123I-iodoantipyrine (123I-IAP) and
[14C]2-deoxyglucose ([14C]2DG); two film expo sures are produced, before and after decay of the 1231 (half-life 13 h). This elegant, well-validated method suffers from the logistical constraint that brain sectioning and first film exposure must be carried out on the same day as the animal experi ment itself; this discourages mUltiple studies. Other disadvantages include the need to account for the trace 1251 impurity (half-life 60 days) present in some preparations and for 1231 that remains unin corporated into lAP; and the high cost and limited availability of the 1231 radiopharmaceutical. The method of Mies et al. (1981) , utilizing 13IJ-IAP (half life 8.06 days) and [14C]2DG, necessitates a waiting period of at least 8 weeks between the first and second film exposures to achieve complete decay of 1311. In addition, the energetic ),-emissions of this radionuclide tend to make it unpopular for routine laboratory use. Diemer and RosenlZlrn (1981) have proposed using [14C]lAP in conjunction with [3H]2DG to measure both local blood flow and glu cose metabolism or transfer. A full validation of that method has not been puslished, however.
Owing to the above considerations, we were at tracted to the recent report, by Furlow et al. (1983) , of double-label autoradiography using two 14C-la beled tracers that were resolved by a solvent ex traction procedure. These authors reported that [14C]IAP could be totally eliminated from tissue sections by a 3-day chloroform wash, whereas tissue [14C]2DG levels remained unaffected. Our ef forts to confirm these observations (reported below), however, revealed serious discrepancies and led us to undertake an extensive reevaluation of this potentially useful strategy. Our findings have resulted in a reformulation of this method, which, we believe, now commends itself well to routine use in the context of computer-assisted image pro cessing. This work has been presented in part in abstract form (Ginsberg et aI., 1985b) .
PRELIMINARY STUDIES

Solvent screening studies
In initial studies, we screened several organic solvents for their ability to influence levels of lAP and 2DG in sections of brain tissue. The solvents investigated included technical-grade chloroform, high-grade chloroform containing a molecular sieve to remove all traces of water; n-hexane; mixtures of 50% chloroforml50% hexane and 25% chloroform/ 75% hexane; benzene; toluene; and 2, 2-dimethoxy propane (2, 2-DMP). Brains were taken from rats following administration of either 20 !-LCi of [14C]2DG (2-[J-I4C]deoxy-D-glucose, specific ac tivity 45-55 mCi/mmol; New England Nuclear) or 30 !-LCi of [14C]IAP (iodo[14C]antipyrine, specific activity 40-60 mCi/mmol; New England Nuclear), in the manner described below for LCMRg1u and LCBF studies (see Methods). These brains were initially frozen by gradual immersion in liquid ni trogen. Serial sections were then prepared at mid coronal levels in a cryostat at -20°C, and triplicate dried sections were placed on each of three glass histology slides. One slide served as an unwashed control. The other two slides were immersed in glass staining dishes containing 200 ml of each sol vent and were subjected to continuous agitation on a shaker table; the solvent bath was changed daily. Following the wash, the slides together with the un washed control slide were exposed to Kodak SB-5 film for 10 days; a set of [14C]methylmethacrylate standards (Amersham) was also placed on each film. Densitometric procedures (as described in Methods) were used to determine whole-section tissue activity in the washed and unwashed sec tions; and these data were used to compute residual postwash fractions.
As shown in Ta ble 1, irrespective of the solvent used, 2-and 5-day washes were associated with considerable loss of 2DG from the tissue sections, ranging in amount from 18 to 39%. Our chloroform data ag ree with those of Jones and Greenberg (1985) but contradict the report of Furlow et al. (1983) that 2DG loss from tissue is negligible. [It should be noted that the method of Diemer and RosenlZlrn (1981) -see also Gjedde and Diemer (1985) -assumes that a I-min 2, 2-DMP wash fails to extract 2DG from brain sections; in contrast, our results indicate that at longer wash times this sol- Values are means (SE) of the ratio of prewash x to postwash y activity, where SE of Xly = V (SEy/y 2 + x 2 (SE,,J2/y4. nx = 3; ny = 6. 1986 vent is capable of extracting a sig nificant per centag e of tissue 2DG.] Inspection of the similarly treated lAP-con taining sections revealed extremely low postwash lAP fractions with all solvents used. In some cases, faint residual lAP activity, barely discernible from film background, was noted following 2-or 5-day washes, whereas in other sections activity was in apparent. These low levels precluded accurate quantitation, but the qualitative impression was that technical-grade chloroform and n-hexane ap peared to be the most efficient at removing lAP (see Ta ble 2); these solvents were thus selected for further study.
Further studies of lAP washout
Because of potential inaccuracies in the film quantitation of low postwash lAP levels, subse quent studies were performed in which cover slips containing serial coronal sections of lAP brains were placed in 1 ml of Soluene-350 (Packard), to which 10 ml of acidified Instagel (Packard) was added, and were counted for 14C activity in a liquid scintillation spectrometer, either without solvent wash or following 1-to 5-day washes in technical grade chloroform or n-hexane, as described above. The external standard method of quench correction was employed. Brains from two 300-g rats were studied: One rat had received 50 j-LCi of lAP (in the manner described below for LCBF studies), and the other had received 12 j-LCi of lAP. Mean pre wash 14C activity of 20-j-Lm coronal sections of these brains was 910 and 230 pCi, respectively. Ta ble 2 presents the postwash residual fractions. For the rat given 50 j-LCi, both solvents removed -98% of lAP. Interestingly, the residual postwash lAP fraction was higher in the rat with the lower initial lAP dose (12 j-LCi). This apparent depen dence of postwash lAP retention by the section upon the initial level of lAP activity was further ex- Values are means (SE) of the prewash/postwash activity ratio. SE was computed as described in the footnote to Table 1 . High rat received 50 flCi P'Cjiodoantipyrine. low rat received 12 flCi. " Different from high rat, p < 0.01, by two-way analysis of variance.
b Different from I-day value, p < 0.01, by two-way analysis of vari ance. plored by performing multiple regional measure ments on film images of single-label [14C]IAP-con taining coronal brain sections before and after a 5-day chloroform wash. Film quantitation was fa cilitated by the use of an expanded series of 13 [14C]methylmethacrylate standards. Densitometric analysis of these images revealed the following linear relationship:
where X is prewash lAP activity (nCi/g) and s is fractional postwash lAP retention (correlation coef ficient r = -0.67, p < 0.001). The basis for this seemingly paradoxical decrease in fractional lAP retention at higher initial tissue activity levels re mains elusive. One possibility is the existence of a second lAP compartment, perhaps representing a small fixed population of sites to which lAP is bound with relatively high affinity and from which it is not readily dislodged by solvent wash. (In sim ilar studies carried out on single-label [l4C]-2DG-containing sections, it was demonstrated that regional fractional postwash 2DG retention was in dependent of prewash 2DG tissue activity.)
Further studies of tissue 2DG retention
The time course of [14C]2DG washout was exam ined further in serial sections exposed to technical grade chloroform or n-hexane for varying time pe riods. These two solvents led to 2DG tissue losses of 14 and 8%, respectively, within the first 6 h, with a more gradual continued loss (22 and 15%, respec tively) as the wash duration was prolonged to 48 h.
We considered it crucial to ascertain whether or not organic solvents might induce a differential de gree of washout of 2DG itself as compared to its tissue metabolite, 2-deoxyglucose-6-phosphate (2DG-6-P). From the study of Sokoloff et al. (1977) , it is apparent that 5 min following the bolus intrave nous administration of [I4C]2DG, most labeled tracer in the brain is in the form of the unmetabo lized compound, whereas at 45 min, the brain 14C label is predominantly in the form of 2DG-6-P. [In our own single-label studies, the mean computed ratio of 2DG-6-P to total tracer activity in the brain at 45 min was 0.84 ± 0.06 (SD).] Thus, we pre pared mUltiple 20-j-Lm coronal serial sections from two rats, which had been killed 5 and 45 min, re spectively, following the bolus intravenous admin istration of 20 j-LCi of 2DG. In an effort to dis courag e postmortem conversion of 2DG to 2DG-6-P, brains were removed from the skull within 1 min of death and were immediately frozen in liquid ni trogen. Sections from each brain were solvent washed for periods ranging from I to 5 days, and fractional postwash retention of tracer was com puted by direct counting of section-containing cover slips in a liquid scintillation spectrometer. These data are shown in Fig. 1 . With the exception of the I-day point, chloroform washing appeared to lead to an equal disappearance of 2DG and its me tabolite, 2DG-6-P, whereas the use of n-hexane or toluene appeared to result in preferential washout of the metabolite. On the basis of these studies, a 5-day wash in technical-grade chloroform was se- 
lected as the procedure of choice in the validation studies to be described below.
Influence of solvent wash on tissue self-absorption of 14C
The influence of solvent wash on tissue self-ab sorption of 14C was examined in the following manner: A normal (non-radioisotope-containing) rat brain was homogenized by extrusion through a 5-ml syringe. The homogenate was weighed, then freeze-dried at -30°C, and reweighed. A portion of this tissue was set aside as a control. Other portions were subjected to extraction in technical-grade chloroform for either 2 or 5 days. Following this procedure, the extracted dried precipitates were re constituted by readdition of a volume of water de termined on the basis of preextraction tissue water content assayed by the dry weight/wet weight method. These were then frozen at -20°C in wells fashioned from embedding matrix, and 20-f.Lm cryostat sections were prepared from control, 2-day-extracted, and 5-day-extracted homogenates. These sections were placed directly upon a series of seven [14Clmethylmethacrylate standard sheets (15 x 20 mm in size) having equivalent tissue activ ities ranging from 30 to 890 nCi/g, and the latter were exposed to Kodak SB-5 film (with the homog enate wafers interposed between the standards and film) for 10 days (see Hawkins et aI., 1979) . Frac tional attenuation of standard activity produced by each homogenate was then computed. From these data, attenuation coefficients were computed for the nonextracted and the 2-day-and 5-day-ex tracted 20-f.Lm homogenates, by means of the equa tion
where k is the tissue attenuation coefficient (f.Lm -I), A o is the activity of the unattenuated 14C standard sheet (nCi/g), A is the apparent activity of the portion of the 14C standard sheet containing in terposed tissue, and x is tissue thickness (f.Lm). The following mean data were obtained:
Since, in the usual autoradiograms, tissue 14C ac tivity is assumed to be evenly distributed in the axial plane, we used the expression 20 L exp( -kx) dx to derive an estimate of apparent relative tissue 14C activities, Ax, for 20-/-Lm-thick sections corre sponding to each attenuation condition above. This calculation disclosed the following relative film ac tivities: Acontrol = 15. 55; AZd = 17. 01; A5d = 17.11. Thus, the 2-day and 5-day chloroform washes produced mean increases of 9.4 and 10. 0%, respectively, in apparent 14C tissue activity, pre sumably owing to lipid extraction from the sec tions.
THEORY
As noted, our preliminary studies disclosed both the partial disappearance of 2DG as well as the in complete removal of lAP during solvent washes. Thus, we adopted the following model:
where A represents total activity of a tissue element ([1 4C]2DG + [14C]IAP) (nCi/g) present on the pre wash film exposure, B is total activity of the same tissue element on the second postwash film, D is the computed activity of 2DG in the tissue element, and I is the activity of lAP. The coefficients I' and s represent, respectively, the fractions of initially present 2DG and lAP remaining following the sol vent wash. Our preliminary studies established that, for a given film, I' can be considered to be constant. In contrast, the term s was found to de pend somewhat upon the absolute prewash lAP ac tivity level. Nonetheless, in the practical applica tion of this method (presented below), sufficiently high activities of lAP were administered (50 /-LCi/ rat) as to result in lower and more uniform post wash lAP fractions (see Ta ble 2 ). An advantage of this linear model is its insensi tivity to alterations in tissue self-absorption, which, as noted above, were shown to be produced by sol vent washes. Thus, if solvent-induced tissue delipi dation results in an apparent fractional increase, z, in tissue activity on postwash films, this would af fect the estimation of the term B in Eq. 3 as well as the coefficients I' and s (which represent single label postwash/prewash activity ratios). Thus, Eq. 3 becomes
Simulation of propagated error
Computer simulations were conducted to assess propagated error in the determination of D and I If the lID ratio were to double owing to a tlow-greater-than-metab olism dissociation, it can be shown that the term B/A (Eqs. 4 and 5) would decrease to 0. 117, and the maximal propagated errors in D and I would be come + 16. 2 and -3. 3%, respectively. Conversely, if the lID ratio were to be reduced by half owing to a metabolism-greater-than-tlow dissociation, then the term B/A would increase to 0. 278, and the max imal propagated errors in D and I would become +12. 6 and -10. 1%, respectively. Thus, the max imal error in D is rather insensitive to changes in the relative levels of metabolism and blood tlow, whereas the maximal error in I tends to rise sharply as LCMRg lu increases relative to LCBF. thermostatically controlled heating lamp. Mean arterial blood pressure was charted continuously on a polygraph, and arterial blood gases were determined repeatedly to ensure normoxia and normocarbia. Following a 45-min period of stabilization, Group 1 an imals were given an intravenous bolus injection of 20 jJ.. Ci of [14C]2DG, and a quantitative LCMRglu study was per formed in the usual manner over the next 45 min (Soko loff et aI., 1977) . In Group 2 animals, fo llowing 90 min of stabilization (to correspond to the total study time in Group I), a quantitative study of LCBF was performed. In these rats, 50 jJ.. Ci of [14C]IAP was infused at a constant rate over 45 s, while arterial blood was repeatedly sam pled (Sakurada et aI., 1978) . In Group 3 animals, a double-label study of LCMRglu and LCBF was per fo rmed. Following 45 min of stabilization, these rats un derwent a quantitative 2DG study identical to that of Group I. Twenty microcuries of [14C]2DG was adminis tered. During the last 45 s of the 2DG study, 50 jJ.. Ci of [14C]IAP was infused (as in Group 2), and a quantitative LCBF study was perfo rmed. In all groups, rats were killed by a timer-actuated air-driven guillotine. Brains were rapidly removed from the calvarium and fr ozen by suspension over and gradual immersion in liquid ni trogen. 14C arterial curves were determined in the con ventional manner by liquid scintillation counting of the timed whole-blood (lAP) or plasma (2DG) samples; the external standard method of quench correction was em ployed. In Group 3 rats, whole-blood 14C activity was measured in triplicate just prior to lAP administration; this background activity, attributable to low residual arte rial levels of [14C]2DG, was then subtracted from arterial activity measurements made during the subsequent lAP study.
For sectioning, brains were warmed to -20°C and sec tioned coronally at 20 jJ.. m in a motor-driven cryostat (Hacker). Quadruplicate serial sections were obtained at 400-jJ.. m intervals. These were placed on glass cover slips, dried briefly on a heating plate at 60°C, and placed on Kodak SB-5 film, together with a set of I3 precalibrated [l4C]methyimethacryiate standards (Amersham) whose equivalent tissue 14C activity ranged from 4 to 811 nCi/g. 1986 Cover slips containing brain sections of Group 3 animals were affixed to 18 x 18-cm glass plates with RTV sili cone rubber adhesive (General Electric Co.). This pre vented dislodgment of the cover slips during the subse quent washing procedure. Also placed on the plates were representative sections derived fr om single-label [14C]2DG studies. These latter were used, as discussed below, to estimate the coefficient r (Eq. 3). Following an initial 4-day exposure to Kodak SB-5 x-ray film, the plates were transferred to a stainless-steel tray containing 800 ml of technical-grade chloroform, where they were immersed and agitated continuously on a shaker table for 5 days, with daily changes of bath. The plates were then air-dried for 4 h and reexposed to Kodak SB-5 film for 10 days.
Densitometric measurements of autoradiograms were performed on an Optronics C-4100 Colorscan rotating drum digitizing densitometer interfa ced to a PDP 11144 minicomputer and Grinnell Systems image-processing system. A scanning aperture and raster step of 100 jJ.. m was employed. Corresponding prewash and postwash films of the Group 3 animals were precisely aligned me chanically on a light table with the aid of a stereodis secting microscipe at 15-25 x magnification, and guide holes were punched simultaneously in the two films. This ensured identical positioning (to within 100 jJ.. m) in the densitometer and thereby precise coregistration of image file data from the two fil ms in computer memory.
Measurements of LCMRgl u and LCBF were performed in 29 structures of the fo rebrain, cerebellum, and brain stem by means of interactive region-of-interest routines developed in our laboratory, utilizing a square cursor of user-adjustable size positioned under joystick control on pseudocolor displays of individual coronal sections. LCBF was computed as described by Sakurada et al. (1978) ; a value of 0. 80 ml/g was used for the partition co efficient of lAP. LCMRglu was computed by the opera tional equation of Sokoloff et al. (1977) , as modified for the influence of variable plasma glucose activity (Savaki et aI., 1980; . In the animals studied by double-label autoradiography (Group 3), a multistep pro cedure was employed to derive LCMRglu and LCBF. [14C]IAP activity (J) on a pixel-by-pixel basis. From these data sets, LCMRglu and LCBF were computed on a pixel-by-pixel basis by applying the respective opera tional equations cited previously. In this fa shion, images of LCMRg1 U and LCBF were derived. Finally, the LCMRglu image was computer divided by the LCBF image on a pixel-by-pixel basis to yield an image repre senting the LCMRglu/LCBF ratio (metabolism/blood flow couple).
Region-of-interest measurements were perfo rmed in the Group 3 brains from the same regions as were em ployed in the analysis of Groups 1 and 2. Image-pro cessing software permitted measurements of LCMRgl u, LCBF, and the LCMRg1jLCBF ratio to be made simulta neously from any selected region of interest merely by placement of the computer cursor on any one of the three images. To ggling among the three image fi les was also possible during the measurement process, to enable in spection of all images.
RESULTS
Physiological variables
Physiological variables are presented in Table 3 for the single-label and double-label animals. All rats were normocarbic, normoxic, and normoten sive; no intergroup differences were present.
Single-label studies
Values of LCMRg1u and LCBF derived from the single-label studies (Groups 1 and 2, respectively; n = 6) are presented in Ta ble 4. These values agree closely with the results of previous studies from our laboratory and with other studies in nitrous oxide anesthetized Wistar rats (Tamura et aI., 1981; lngvar and Siesjo, 1982; Kagstrom et a!., 1983) . The average value of the glucose metabolism/blood flow ratio for these structures, derived by first di viding the mean LCMRglu value of each structure by its mean LCBF value, was 0.402 ± 0.077 (SD) f.1mollml.
Double-label studies-estimation of coefficients rand s
To compute LCMRg1u and LCBF by the double label autoradiographic method, it was first neces sary, as described above, to obtain estimates of co efficients rand 5 appearing in Eq. 3. The term r was evaluated by measuring the activity, on the pre wash and post wash films, of the single-label 2DG containing sections included on each plate. Based on whole-section film measurements, the mean value of r was 0.598 ± 0.039 (SD) (n = 5 studies).
[The accuracy of whole-section 2DG activity esti mates made densitometrically was established in pilot studies, in which postwash/prewash residual fractions for 2DG were measured in a group of serial sections subjected alternatively to film expo sure or to direct measurement by liquid scintillation counting. There was excellent agreement between the two methods (rfilm/rscint = 0.97 ± 0.04 (SD) for forebrain sections).] Analysis of postwash/prewash activity ratio images of single-label 2DG sections revealed no significant heterogeneities in fractional 2DG retention among gray matter structures.
Although the term r could be measured reliably, the estimation of the postwash fractional retention of lAP (5) proved to be problematic for several reasons: (a) Inasmuch as ?95% of lAP in tissue was removed by the 5-day chloroform wash, lAP activity measured on postwash films was extremely low, often at levels close to film background. This resulted in large measurement errors in s. (For a typical study in which r and s were measured on computer images derived by pixel-by-pixel division of postwash by prewash activity for single-label [l4C]2DG and [14C]IAP sections, respectively, the coefficient of variation among pixels was 0.487 for 5 compared with 0.152 for r. ) Despite our inclusion of [14C]methylmethacrylate standards of low activity, we would have needed at least to triple the film ex posure time of the postwash sections to have over come this problem. (b) Fractional postwash reten tion of lAP (5) estimated from direct film measure ments often varied considerably from estimates made on adjacent sections by liquid scintillation counting. This was particularly the case when the prewash activity of the whole section fell below �150 pCi (�75 nCi/g by film measurement). (c) As described in detail above, it was found that the J Cereb Blood Flow Metab, Vol. 6. No.3, 1986 fractional postwash retention of lAP appeared to vary somewhat according to the absolute prewash lAP activity of the section.
In view of the above sources of uncertainty in the direct measurement of coefficient 5, we adopted in stead an optimization strategy by considering the influence of different values of 5 on the extent to which LCMRg1u and LCBF determined by the double-label strategy agreed with the single-label values shown in Ta ble 4. The results of this analysis are presented in Fig. 3 . In general, within the range of 0.01-0.07, increasing values of 5 were associated with progressive double-label underestimates of LCMRg1u (Fig. 3, left) . For flow, the influence of s was more complex: At LCBF levels above � I mllg/min, values of s above 0.03 led to progressive double-label overestimations of LCBF and values below 0.03 to progressive underestimations, whereas at LCBF below �0.7 mllg/min, the oppo site effects were observed (Fig. 3, right) . Optimal agreement between single-label and double-label values (i.e., agreement to within 5% for both LCMRg1u and LCBF) was found to occur at the value 5 = 0.02. This value agrees closely with whole-section measurements obtained in rats given 50 f.1Ci of lAP (see Ta ble 2) and is in perfect agree ment with the findings of Jones and Greenberg (1985) . Thus, this value was used for the computa tion of the double-label data to be presented below.
Double-label studies-values of LCMR g 1u and LCBF
The values for LCMRg1u and LCBF determined in double-label studies (n = 5) are shown in Ta ble 5. With 5 = 0.02 (Eq. 3), there was excellent agree ment with single-label determinations. Linear re gression analysis revealed the following relation ships between the mean single-label and double label values for the 29 structures: CMRdoub = 0.798 X CMRsing + 1.680
(units = f.1mollg/min) (correlation coefficient r = 0.96, p < 0.001) CBF doub = 0.773 X CBFsi ng + 0.284 (units = mllg/min) (correlation coefficient r = 0.88, p < 0.001) These relationships could be closely approximated by equations of the form Y = aX, in which the slope a provides a convenient index of fractional agreement between single-and double-label results. Least-squares fits of the LCMRg1u and LCBF data to this equation yielded CMRctoub = 0.957 X CMRsing (units = f.1moIlgimin) CBFdoub = 0. 951 X CBFsing (units = mllg/min) the mean coefficient of variation was O. 130 ± 0. 031 for LCMRglu and 0.209 ± 0. 057 for LCBF. Thus, the coefficients of variation for double-and single label LCMRglu were closely similar, whereas the coefficient of variation for double-label LCBF was 1. 8 times the corresponding single-label value.
In the double-label series, the gluclose metabo lism/blood flow ratio could be measured on a pixel by-pixel basis from discrete regions of individual brains. These data are shown in Ta ble 5 for each structure. The mean value of the metabolismlflow ratio for all structures was 0. 472 ± 0. 082 /-Lmol/ml (range 0. 347-0. 667 /-Lmol/ml), in close agreement with the values of the ratio derived indirectly from the single-label data. The relationship between mean LCMRglu and LCBF values for the 29 struc tures is shown in Fig. 6, left and right, for the single-and double-label groups, respectively. The two plots are similar to one another.
Gray scale-encoded images of LCMRg1u, LCBF, and the local metabolismlflow ratio are shown in Fig. 7 at various coronal levels in a typical double laLel study.
DISCUSSION
The present study has concerned itself with an in-depth reexamination and validation of the carbon-14 double-label auto radiographic strategy inasmuch as both our own preliminary data as well as those of Jones and Greenberg (1985) demon strated that the procedure as originally described by Furlow et al. (1983) is unsuitable for the quanti tative estimation of LCMRglu and LCBF. Our re sults, reported above, indicate that the method as revised and validated here is capable of providing highly accurate and acceptably precise measures of both local glucose metabolism and blood flow (Table 5; Figs. 4 and 5) .
In our preliminary studies, a variety of organic solvents all led to partial losses of 2DG from tissue (Table 1) , and conversely, no solvent was able to re move tissue lAP entirely, even with a 5-day extrac tion. Our findings in the case of technical-(reagent-) grade chloroform exactly duplicate the recent data of Jones and Greenberg (1985) . Our choice of this solvent for subsequent use was based on its ability to produce consistent, high-grade depletion of tissue lAP (Table 2 ) and its capacity to extract equal proportions of 2DG and its tissue metabolite, 2DG-6-P (Fig. l) .
Using a linear model (Eqs. 2 and 3), we observed excellent agreement between single-and double label LCMRglu and LCBF results in normal anes thetized rats. The coefficient r, representing frac- tional postwash retention of 2DG, could be esti mated reliably by direct measurement of single-label sections. Unacceptably large coeffi cients of variation in the direct measurement of co efficient s (postwash fractional retention of lAP), however, led us to select a value of s so as to opti mize agreement of single-and double-label results. This value of s (0. 02) proved to be in close agree ment both with our own extraction data (Table 2) and with the data of Jones and Greenberg (1985) , thus supporting the suitability of this choice. In view of the slight tissue activity dependence of s, the basis for which remains uncertain, we could have employed a nonlinear model in which Eq. 1 was substituted for s in Eq. 3. We chose not to do so, however, inasmuch as the excellent agreement between single-and double-label results achieved with the linear model (Figs. 4 and 5) suggested that the more elaborate method of procedure would be unnecessary. An additional advantage of the linear model is its insensitivity to alterations in tissue self absorption, which we have shown to occur fol lowing chloroform wash. Since propagated error in estimating tissue [14C]2DG and [I4C]IAP (D and I in Eqs. 2 and 3) was shown to increase markedly at higher values of postwash lAP retention s (Fig. 2) , we employed a relatively long (5-day) wash time to avoid submax imal and possibly uneven washout of tissue lAP. Partial loss of tissue 2DG was inevitable with this approach: Washing times as brief as 6 h led to 14% loss of tissue 2DG, and in our double-label valida tion studies, 40% of 2DG was lost at 5 days (r = 0. 6). This was not problematic, however, inasmuch as maximal propagated error in estimating tissue [14C]2DG proved to be rather insensitive to changes in r, and maximal error in estimating [14C]IAP in creased only modestly as r decreased (e. g. , from -3. 8 to -5. 5% as r fell from 0. 8 to 0. 6).
Our choice of administered doses of [14C]IAP and [I4C]2DG (50 and 20 fJ.-Ci, respectively) was based on our wish to decrease the value of the B/A ratio (Eqs. 4 and 5) inasmuch of our error analysis indi cated that lower values of this ratio tended to min imize propagated error in estimating D and I (Eqs. 2 and 3). At normal levels of LCMRglu and LCBF, these administered doses sufficed to bring film den sities into the midrange of the standards with a 4-day first exposure and a lO-day second exposure. Under conditions of hypermetabolism relative to blood flow, the B/A ratio would be expected to in crease, and we have demonstrated that this is asso ciated with an increase in the propagated error of estimating I (Eqs. 2 and 3). If such conditions were anticipated, increasing the administered dose of lAP would tend to return the B/A ratio to a more desirable level, and the first and second film expo sure times could be adjusted accordingly.
A unique strength of double-label computer-as sisted autoradiography is the ability to assess the local glucose metabolism/blood flow couple on a pixel-by-pixel basis and to display the ratio pictor ially (Fig. 7) . This is particularly desirable when it becomes important to analyze patterns of regional uncoupling in pathological states. For example, we have recently demonstrated, using a tissue-sam pling double-label method, that a metabolism greater-than-blood-flow dissociation arising region ally in the early postischemic state predisposes to the development of regionally selective neuronal le-"ETA.;FLOW RATEJ X Ie !�i�;�i'�. , '11 FIG. 7. Computer-derived gray-scale autoradiographic images of local CMRglu (LCMRg1u), local CBF (LCBF), and the local CMRg1jCBF ratio at six coronal levels of a normal rat studied by double-label autoradiography. (Gray-scale units are mg/100 g/min x 10 for LCMRg 1U' mllg/min x 10 for LCBF, and mg/100 ml x 10 for the ratio.) J Cereb Blood Flow Metab, Vol. 6, No. 3, 1986 sions (Ginsberg et al. , 1985a ) . Using the present autoradiograp hic double-label method, we have begun to confirm these observations and extend their scope (M. D. Ginsberg et al. , unpublished) .
Inasmuch as this method uses readily available 14C tracers, study costs are minimized and isotopic decay does not enter into consideration, so that the procedure is easily accommodated within an ordi nary laboratory schedule. As applied here, the double-label carbon-14 autoradiograp hic strategy yields values for both LCMRg1u and LCBF that are, on average, within 5% of corresponding single-label results (Figs. 4 and 5) . For LCMRg1u , the double label method offers precision of measurement iden tical to that of the conventional sing le-label strategy. For LCBF, however, the coefficient of variation is app roximately three times that of double-label LCMRg1u and almost twofold greater than for LCBF as determined by single-label anal ysis . In choosing an app rop riate measurement strategy, this fact must be considered when precise estimates of LCBF are of particular importance.
It should be emphasized that accurate calibration of the [1 4C]methylmethacrylate film standards is es sential to obtaining satisfactory results with the double-label autoradiographic strategy. Calibration of these standards ag ainst brain tissue must be carefully executed by each laboratory intending to ap ply the method. It can be demonstrated that rela tively small differences in the values of individual standards may have rather pronounced effects on tissue [14C]2DG and [14C]IAP activities computed by the double-label strategy.
